INTRODUCTION
The process of biological ageing is surprisingly difficult to define, but there is little doubt that it is associated with and/or due to a multitude of changes in the function of all organ systems and in the resistance to stress and disease. Like most phenotypic characteristics, ageing and longevity appear to be determined by a complex interplay of the genetic endowment with environmental influences. Anecdotal evidence that surviving to exceptionally old age 'runs in the families' existed for millennia and is amply supported by recent studies of centenarians and their progeny.
Greatly increased interest in the study of the genetic control of ageing during the past 20 years stems from the exciting observations that mutation of a single gene can markedly increase the lifespan in a microscopic worm Caenorhabditis elegans [1, 2] , and that 'longevity genes' discovered in this organism have homologues in the mammalian genome [3] [4] [5] [6] [7] . Existence of single-gene mutations that extend life creates unique opportunities for elucidating the mechanisms of ageing and identifying potential targets for interventions designed to slow down or delay this process. What this article hopes to accomplish is to present some key findings from the studies of mutations that extend longevity in mice and to discuss conclusions and hypotheses concerning mechanisms of mammalian ageing that can be derived from these studies.
MUTATIONS AFFECTING GROWTH HORMONE SIGNALLING
Substantial and reproducible increases in the average, median and maximal longevity in both males and females were documented in mice with mutations that block growth hormone (GH) signalling. These include spontaneous recessive loss-of-function mutations of the pituitary factor 1 (Pit1) and Prophet of Pit 1 (Prop-1) genes, which block differentiation of GH-producing (as well as prolactin and thyrotropin-producing) cells in the anterior pituitary in Snell dwarfs and Ames dwarfs, respectively, and targeted disruption 'knockout' of the gene encoding GH receptor and GH-binding protein in Ghr2/2 (GHRKO) mice [8] [9] [10] . 'Little' mice with a mutation of the receptor for GH-releasing hormone (GHRH), a hypothalamic peptide that stimulates GH release, also live longer than their normal siblings but the increase in their longevity apparently depends on the interaction of their genetic background with fat content in the diet [9] . In addition to the extended lifespan, Ames dwarf, Snell dwarf and GHRKO ('Laron dwarf ') mice exhibit longer healthspan and various features of delayed ageing. These characteristics include delayed onset and reduced incidence of fatal neoplastic disease [11] [12] [13] ; delayed immune system and collagen ageing in Snell dwarfs [9] , and maintenance of cognitive functions into advanced age in Ames dwarf and GHRKO mice [14, 15] . Although the potential roles of prolactin deficiency, thyroid-stimulating hormone deficiency and the resulting hypothyroidism in the remarkable longevity of Snell and Ames dwarf mice remains to be thoroughly evaluated ( [9, 13] ; J. Panici, M. Masternak & A. , unpublished data), overlap of the phenotypes of these mutants with the characteristics of GHRKO and the Little mice suggests that deficiency of GH is the leading cause of their delayed ageing and extended survival.
Ames dwarf, Snell dwarf, GHRKO and Little mice share a number of phenotypic characteristics that can be postulated to account for, or more likely, contribute to their extended longevity. Prominent among these characteristics are:
-Reduced hepatic IGF-1 expression and circulating IGF-1 levels. Proliferative and anti-apoptotic actions of IGF-1 are believed to enhance the progression (and perhaps also initiation) of neoplastic disease, and tumours are the most common cause of death in laboratory mice. -Increased resistance of dermal fibroblasts to a variety of oxidative, cytotoxic and metabolic stresses in vitro [16, 17] , which in Snell dwarfs is combined with somewhat greater capacity for DNA base excision repair [18] . In Ames dwarfs, this is associated with increased activity of antioxidant enzymes [19] and increased in vivo resistance to paraquat, an agent producing oxidative stress, primarily in the lungs [20] . Association of increased stress resistance with longevity is well documented in worms and insects. -Reduced insulin levels and enhanced insulin sensitivity. These characteristics are opposite to the key features of the metabolic syndrome and are believed to delay and/or slow ageing and to protect from a number of age-related diseases [21 -24] . -Increased adiponectin levels. Adiponectin is a major product of white adipose tissue, which promotes insulin sensitivity and exerts antiinflammatory and anti-atherogenic effects. In contrast to the findings in genetically normal (wild-type) animals, increased adiponectin levels in long-lived mutants are associated with normal or increased rather than reduced adiposity [25] [26] [27] . Interestingly, high levels of adiponectin were detected in centenarians from different populations (reviewed in [28] ). -Reduced body size. Within species, smaller body size is generally associated with longer lifespan and this relationship is particularly striking in laboratory mice and domestic dogs ( [29, 30] ; reviewed in [31] ). It is very unlikely that body size per se influences ageing, but it represents a biomarker of several processes that are very likely to be involved, including somatotropic and mammalian target of rapamycin (mTOR) signalling. GH and IGF-1 promote proliferation and survival of cells and mTOR regulates translation, protein synthesis and cell size. Expression and/or activation of mTOR are reduced in Ames dwarf and GHRKO mice [23, 32] . Pharmacological suppression of mTOR or genetic deletion of one of its targets extends longevity in mice [33, 34] .
Other physiological characteristics of GH-related mutants that may contribute to their longevity are not discussed here because of limitations of space or because they have been examined in only one long-lived mutant.
MUTATIONS AFFECTING INSULIN-LIKE GROWTH FACTOR SIGNALLING
Association of reduced plasma IGF-1 levels with extended longevity was consistently observed in GH-deficient and GH-resistant mice [8, 10, 35, 36] . However, in view of the well-documented role of hormones homologous to IGF-1 and insulin in the control of ageing in worms and insects, it was of great interest to determine whether a more direct targeting of IGF-1 signalling can affect longevity in mammals. While homozygous deletion of genes encoding IGF-1 receptor or IGF-1 is lethal or produces severe developmental defects, extended longevity was reported in mice heterozygous for the deletion of IGF-1 receptor [37] , expressing a hypomorphic IGF-1 allele that leads to a reduction in circulating IGF-1 levels [38] as well as in mice homozygous for the deletion of insulin receptor substrate (IRS)-1 [39] or heterozygous for the deletion of IRS2 [40] . Activation of IRS1 and IRS2 mediates cellular transmission of IGF-1 as well as insulin signals. Life extension in these mutants was relatively modest and, in contrast to the results obtained in hypopituitary dwarfs and GHRKO mice, was significant only in females. Moreover, data concerning longevity of Igflrþ/2 and IRS2þ/2 mice were not readily reproducible in other laboratories, presumably due to differences in the genetic background of the animals and composition (in particular, fat content) of the diet [28, 41, 42] . However, heterozygous deletion of IGF-1 receptor gene consistently improved resistance to oxidative stress [37, 41] , and IRS1-/-mice had phenotypic characteristics of delayed ageing [39] . It was also recently shown that Alzheimer's model mice can be protected from developing various transgenic pathological symptoms and cognitive deficits by deficiency of IGF-1 receptor or IRS2 [43] [44] [45] .
Since IGF-1 mimics some of the key insulin actions and GH is anti-insulinaemic, it is not surprising that alterations in insulin signalling detected in GH-deficient and GH-resistant mice were not seen in animals with disruption of genes encoding IGF-1, IGF-1 receptors or IRSs. For example, IRS12/2 mice are insulin and IGF-1 resistant [39] , resembling the situation described earlier in long-lived transgenic mice overexpressing Klotho [46] .
It is of particular interest that deleting IRS2 only in the brain was sufficient to increase lifespan [40] . It was also reported that selective reduction of IGF-1 signalling in the brain by heterozygous deletion of IGF-1 receptor gene in this organ reduced the size of the pituitary and suppressed GH signalling, and that these changes were associated with marked reduction of early mortality and increase in the average (although not the maximal) lifespan in both sexes [47] . It has previously been documented that in the invertebrates altering expression of longevity genes selectively in a particular organ can increase lifespan and that the central nervous system is particularly important in this regard.
The physiological role of IGF-1 in the control of mammalian ageing is strongly supported by the recent demonstration of a significant extension of longevity in mice by deletion of pregnancy-associated plasma protein A (PAPP-A) [48] . PAPP-A is a protease that degrades IGF-1 binding proteins, in particular IGFBP4 (which is widely expressed), and as a result increases local levels of bioavailable (free, i.e. not complexed with IGF-BPs) IGF-1.
MUTATIONS SELECTIVELY AFFECTING INSULIN SIGNALLING
Ageing in C. elegans and Drosophila is regulated by signalling molecules homologous to both IGF-1 and insulin, and acting via a single common receptor. In mammals, biosynthesis of insulin and IGF-1 is regulated by different mechanisms and these two hormones signal mostly via distinct, separate receptors. However, their intracellular signalling pathways overlap and interact, and the results of deleting IRS1 or IRS2 discussed earlier in this paper may have reflected reduced action of insulin, rather than of IGF-1.
The amount of information on the impact of specific alterations in insulin signalling on mammalian ageing is very limited. Similar to the effects of deleting IGF-1 or its receptor, complete elimination of insulin signalling is incompatible with survival. However, mice with selective deletion of insulin receptor (IR) in specific organs survive and have been used to obtain a wealth of information on the local and systemic insulin actions [49] . In 2003, Blü her and his colleagues reported that adipose tissue-specific deletion of IR in Fat-specific insulin receptor knockout (FIRKO) mice leads to significantly extended longevity [50] . These very interesting animals appear to develop normally but exhibit progressive depletion of both brown and white adipose tissue, increased adiponectin, increased oxidative metabolism, mild hypoglycaemia, very pronounced hyperinsulinaemia and insulin resistance [50] [51] [52] . The unique phenotype of FIRKO mice contrasts with the characteristics of animals subjected to calorie restriction (CR), which are also lean and long-lived but are hypo-rather than hyperinsulinaemic, and insulin-sensitive rather than -resistant. The FIRKO mouse phenotype is also very different from the GHRKO and hypopituitary mouse in which adiposity is increased or normal rather than reduced, circulating insulin is very low and insulin sensitivity is enhanced. Consequently, it is difficult to know, or even hypothesize which of the characteristics of FIRKO mice are causally related to their extended longevity. It is interesting that plasma adiponectin levels are increased in FIRKO, CR, GHRKO, Ames dwarf and Snell dwarf mice.
OTHER LONG-LIVED MOUSE MUTANTS
Ablation of the p66Shc adaptor protein increases resistance to oxidative stress and extends longevity in mice, without significant alterations in growth or fertility [53] . Subsequent studies have shown that p66Shc is the only proapoptotic member of this protein family and that it acts as a downstream target of an important tumour suppressor p53, mediating its effects on the levels of intracellular oxidants, cytochrome c release and apoptosis [54] . p66Shc associates with mitochondrial heat shock protein 70 and regulates mitochondrial transmembrane potential, leading to its collapse after oxidative stress [55] . Macrophages of long-lived p66Shcc2/2 mice exhibit reduced superoxide production [56] . Thus, putative mechanisms linking p66Shc with the control of ageing overlap those related to the somatotropic and insulin signalling: oxidative stress resistance, mitochondrial function, reactive oxygen species production and apoptosis.
Involvement of defences against oxidative stress in the control of mammalian ageing is further supported by the studies in transgenic animals overexpressing catalase in mitochondria, the mitochondrial-targeted catalase (MCAT) mice [57] . These animals exhibit delays in the development of age-related cardiac and ocular pathology, produce less hydrogen peroxide and have fewer mitochondrial deletions [57] . At the end of life, MCAT mice have reduced disease burden including a decrease in non-haematopoietic malignant tumours [58] . However, the exact role of oxidative stress and defences in the control of mammalian ageing is currently a subject of extensive debate.
Increase in lifespan was also produced by deletion or overexpression of genes not directly related to the insulin/IGF-like signalling (IIS) pathway. Thus, deletion of the RIIb regulatory isoform of protein kinase A in mice leads to a significant extension of longevity in males, along with various indices of healthy ageing, including maintenance of a lean phenotype and insulin sensitivity, and a decrease in tumour incidence [59] . Deletion of a homologous gene in yeast was previously shown to extend lifespan [60] .
Mice with a genetic disruption of type 5 adenylyl cyclase live longer than control mice and are protected from different types of cardiac stress as well as from age-related cardiac myopathy [61] . This was associated with activation of the Raf/MEK/ERK signalling pathway and increased fibroblast resistance to oxidative stress in vitro [61] . This latter characteristic is shared with other long-lived mutants and provides yet another example of enhanced stress resistance of animals with genetic predisposition for extended longevity.
Increased lifespan and protection from neurotoxic effects of kainic acid were described in mice with knockout of Surf1, a gene related to cytochrome c oxidase [62] .
Various indices of delayed ageing along with an increase in lifespan were described in mice overexpressing a combination of telomerase reverse transcriptase and tumour suppressors p53, p16 and p19ARF [63] . Anti-ageing effects of enhanced but normally regulated expression of Arf and p53 were demonstrated earlier by the same group [64] .
Conti and his colleagues reported increased longevity in both sexes of transgenic mice in which core body temperature was reduced by 0.3-0.58C following overexpression of uncoupling protein 2 in hypothalamic hypocretin neurons [65] . In these animals, reduction in core body temperature was induced by a local increase in hypothalamic temperature and was associated with increased energy efficiency without alterations in food intake. These results relate in very interesting ways to the reciprocal relationships between environmental temperature and lifespan in invertebrates and in fish and also to the findings concerning somatotropic control of ageing in mammals. GH-resistant long-lived hypopituitary mice are hypoinsulinaemic and their core body temperature measured hourly for 24 h was significantly or numerically reduced at each time point [66] . Both GH and insulin are thermogenic.
Increased longevity of transgenic mice overexpressing Klotho [46] was mentioned in §3 in the context of relating insulin signalling to the control of ageing. In these very interesting animals, extended longevity is associated with resistance to both IGF-1 and insulin, perhaps offering protection from normal exposure to these signals. Klotho is a single-pass transmembrane protein that is expressed in the kidney and interacts with various fibroblast growth factor (FGF) receptors. It is an obligatory co-receptor of FGF23 and thus plays a major role in phosphate balance. Deletion of the Klotho gene causes phosphate retention and multiple symptoms of premature ageing that can be ameliorated by correcting hyperphosphataemia [67] . Extracellular domain shedding produces a circulating factor (secreted Klotho) which acts on surfaces of cells to modulate function of channels and growth factors including IGF-1, insulin and Wnt [68] . Klotho transgenics are resistant to oxidative stress, likely owing to reduced insulin/IGF-1 signalling, activation of Forkhead box, class O (FOXO) and increased expression of manganese superoxide dismutase [69] .
DISCUSSION AND RELEVANCE TO OTHER MAMMALIAN SPECIES
It is now almost 40 years since Silberberg reported that Snell dwarf mice, animals homozygous for a spontaneous recessive mutation affecting pituitary development and somatic growth, were long-lived [70] . Studies conducted during the past 15 years have provided undeniable evidence that loss-offunction mutations (spontaneous or produced by targeted gene disruption or 'gene knockout') of many genes can lead to significant increases of healthspan and longevity in laboratory mice. The key and most striking conclusion that follows from these observations is that normal levels of expression of numerous genes are not optimal for maintenance of youthful phenotype or for long-term survival. Apparently normal physiological actions of these genes, or rather their protein products, incur significant 'costs' in terms of ageing and survival.
Studies in mutant mice demonstrated that somatotropic (GHRH, GH, IGF-1) signalling can have major impact on ageing, healthspan and lifespan. This echoes findings in C. elegans and D. melanogaster in which partial suppression of the actions of hormones homologous to IGF-1 and insulin can produce spectacular increases in longevity. As was mentioned earlier in this article, extension of longevity by mutations affecting GH signalling are generally greater and more consistent (between females and males and between different studies) than the effects of mutations acting directly on IGF-1 levels or actions. This could be ascribed to GH effects that are not mediated by increases in IGF-1 expression and/or circulating IGF-1 levels, or to actions of GH that are distinct from and in some cases opposite to the effect of IGF-1. Examples of such GH actions would include lipolysis and inducing insulin resistance by phosphorylating IRS1 at specific serine residues.
Moreover, mutations of genes encoding IGF-1, IGF-1 receptor, IRS1 and IRS2 alter IGF-1 signalling in all tissues of the affected individual, while reduced GH action selectively suppresses IGF-1 expression in some organs (e.g. liver and kidney) while preserving it elsewhere, including the brain and the heart [71, 72] . Differences between the phenotypes of 'GH-related' and 'IGF-1-related' mutants may also stem from the fact that they are based on comparisons of the effects of complete blockade of GH signals and partial suppression of IGF-1 levels and actions. Unlike IGF-1, GH is not essential for foetal or early postnatal development and therefore animals completely lacking GH or GH receptors are viable and available for the study.
It is of obvious interest to ask to what extent findings obtained from studies of laboratory stocks of mice may apply to other mammals. Most of the laboratory mice used for contemporary research are derived from animals that have been domesticated as much as 100 years ago or even earlier and thus have been subjected for hundreds of generations to deliberate or inadvertent selection for genotypes (and epigenetic mechanisms) that favour thriving and fecundity under very artificial conditions of constant availability of food and little need or opportunity for physical activity. In some of the long-lived mouse mutants, puberty is delayed and fecundity reduced (for a review of data on Ghr2/2 mice, please see [73] ). Interestingly, age of puberty and litter size in these mutants resemble the characteristics of normal mice derived from animals recently caught in the wild [74] . However, negative association of adult body size (a biomarker of somatotropic signalling) and average lifespan applies not only to various mutants and transgenics and to genetically normal laboratory mice, but also to other species likely including humans [30,75 -77] . While relationships between different ontogenic phases of growth, adult stature and lifespan in different human populations are complex and controversial, there is evidence that both GH deficiency and GH resistance can protect the affected individuals from age-related disease, including cancer and atherosclerosis [78 -80] . There is also considerable evidence for a reciprocal relationship between adult height and risk of various types of cancer.
Review. Single-gene mutations and healthy ageing A. Bartke 31 Finally, studies in cohorts of elderly subjects and in exceptionally long-lived people suggest that reduced somatotropic signalling as well as mild (subclinical) hypothyroidism are associated with lower rates of mortality in women [81 -84] . Most relevant to the subject of this article are reports of association of human longevity with polymorphism of genes related to somatotropic and insulin signalling [82, 83] . Interestingly, these associations include polymorphism of genes coding for adiponectin and its receptor [85] and genes for FOXO ( [86] ; review in [87] ), an important transcription factor controlled by insulin via alterations in its phosphorylation state and intracellular location (cytoplasmic versus nuclear).
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